We propose and demonstrate a method to compensate insertion losses in Si photonics devices based on ring resonators fabricated in SOI foundries, with no additional chip area used. It consists in the employment of Er:Al 2 O 3 as the upper cladding layer on standard Si/SiO 2 rings, requiring only one simple post-processing step. The method is modeled in detail, and simulation results for single-ring configurations and photonic molecules are discussed, where the potential for loss reduction is predicted for different design choices based on the quality factor. We experimentally verify the viability of the method, obtaining an output power increase of 1 dB when a single-ring resonator is pumped. This value is increased when the method is applied to devices based on photonic molecules, where a value of 2.6 dB has been measured. This is equivalent to a loss reduction potential higher than 3 dB for a photonic molecule designed to achieve a quality factor of 50000.
Introduction
In recent developments in the field of silicon photonics circuits, one building block of particular interest is the ring resonator, often used to filter, route, and generally control the flow of signals [1] , [2] . Other demonstrated applications include, but are not limited to, optical logical circuits, modulators, buffers and high-order filters [3] - [6] . When add/drop ports are employed on these devices, to perform signal routing for example, insertion losses are always present [7] . Additionally, coupled rings (Photonic Molecules) have been extensively studied for device applications with specific spectral responses [8] - [12] , where the filtering and signal processing characteristics can introduce undesirable losses as well [13] , [14] . It is possible to minimize this effect by changing the coupling strength between the rings and the feeding/extracting waveguides, though this leads to a decreased quality factor (Q) and the consequent loss of filtering resolution [15] . In a complex photonic circuit, several of these components may be cascaded, and the added losses may give rise to information deterioration. Thus, one of the challenges faced by silicon photonics is maintaining the optical power level along a complex integrated circuit that has a dense sequence of devices. Mimicking erbium-doped fiber amplifiers (EDFAs) functionality in the chip level is an attractive approach to help overcome this problem. To this end, erbium-doped waveguide amplifiers (EDWAs) using aluminum oxide (Al 2 O 3 ) as the waveguide core material have been demonstrated, with net gains up to 20 dB [16] , [17] . Such amplifiers benefit from high concentration of Er 3+ ions in the Al 2 O 3 matrix, up to 100 times higher than possible in SiO 2 before degrading effects occur [18] . By employing EDWAs as buffers distributed along the chip, the loss can certainly be compensated, as net gains up to 2 dB/cm have been previously reported [19] , [20] . Nevertheless, these amplifiers may occupy a relatively large chip area, limiting the room for other components. Another challenge from such configurations is the process of integrating alumina waveguides to silicon photonic chips, which departs from CMOS technology and demands complex techniques to achieve reasonable coupling between the Si and Al 2 O 3 waveguides [21] . A simple alternative approach consists of using a doped film as the Si waveguide top cladding. Since a considerable fraction of the propagating mode energy in single-mode silicon waveguides is outside the core, this method can allow efficient light amplification and even lasing [22] - [24] . The typical propagation loss of Si strip waveguides from SOI foundries is guaranteed to be lower than 3 dB/cm, but values as low as 1.4 dB/cm have been consistently measured [25] . This value is higher than the loss from standard Al 2 O 3 EDWAs waveguides, where the refractive index contrast is smaller and thus the attenuation effect of the core walls imperfections is less pronounced. As such, the amplification potential of this approach is smaller, but still considerable, as the maximum material gain of Er:Al 2 O 3 films has been previously reported as 2.5 dB/cm [17] , [20] .
In this context, we propose and demonstrate an alternative method to mitigate the insertion losses of filters and routers based on ring resonators and photonic molecules. It consists of erbium-doped alumina films as the waveguide top cladding, which can be easily employed on devices fabricated in SOI photonics foundries, with minimal post-processing.
Modeling
To effectively model a device with the proposed properties, we have to combine two concepts: the transfer function of ring resonators (with add/drop ports considered), and the rate equations for light amplification. Starting with the former, we can describe the fields present at each coupling area, shown in Fig. 1(a) , using the transfer matrix method [26] , [27] , with one matrix per coupling:
In these equations, E represents the electric field at the points of interest indicated by the subscripts, κ and τ are respectively the field coupling and transmittance coefficients (which depend on the materials, separation gap and ring radius, obtained by the approximation from [28] ), a is the ratio of change in amplitude, and φ the absolute phase accumulation during propagation. The optical input field (E I N ) is proportional to the square root of the input power, and the field at the add port (E A P ) is considered null. Solving Eqs. (1) through (4), the output field at the drop port is obtained as:
The amplitude variation a can be written as:
where l is the distance traveled, corresponding to half the perimeter (distance between the two coupling regions), and α is the attenuation constant of the waveguide. In these calculations, curvature losses are not explicitly considered, but can be inserted within α. If we now consider the possibility of gain, this attenuation constant must be replaced by a value that contains the optical losses from the waveguide and the variation in optical power due to the Er ions presence in the cladding. To estimate this value, we first solve the rate equations for a typical two-level waveguide amplifier [29] :
Here, the subscripts p , s, a and e refer to pump, signal, absorption and emission, respectively. The variables N 1 and N 2 are the fundamental and excited level population densities, so N 1 + N 2 = N T . The constant is the mode confinement factor, σ the erbium absorption or emission cross section, λ the photon wavelength, f the photon frequency, P the optical power, h is Planck's constant, A the waveguide transversal area, and τ is the excited state lifetime. The functions g(z, λ s ) and η (z, λ p ) are respectively the signal and pump rate of change, written as a function of both length and wavelength:
In our case, instead of using a confinement factor, we must use the overlap factor between the mode energy distribution and the Er-doped cladding. To do this, we consider a 450 nm × 220 nm single mode strip waveguide, that is, its cross-section is a rectangle surrounded by the cladding, as illustrated in Fig. 1(b) . From FEM simulations performed on Comsol Multiphysics, with a 10 nm mesh, this factor was found to be 0.33 for the signal wavelength (1550 nm) and 0.3 for the pump wavelength (1480 nm), considering the quasi-TE mode. It is possible to use this same concept for rib or multi-mode waveguides, but the fraction of light that interacts with erbium ions in the cladding would be greatly reduced, impairing the loss-reduction characteristics. A slot waveguide, on the other hand, would be optimal for this application, due to the fact that the majority of the energy is guided between the Si pillars, maximizing the interaction with the doped cladding.
The signal and pump wavelengths mentioned above correspond to the 4 I 15/2 → 4 I 13/2 transition, with a lifetime of ∼8 ms. If the steady state (dN 2 /dt = 0) is reached, numerically solving Eqs. (7) through (11) with P (0) = P 0 yields the signal power in function of the length z, in the form: (12) where ξ is defined as a gain or attenuation constant. The ratio between the output and input power, equal to the ratio between the modulus squared of the output and input fields, is:
By rearranging the terms, we can define the gain/attenuation constant as:
By comparing Eqs. (6) and (13), we can replace −α by ξ from Eq. (14) to couple both models. This gives us the complete description of the device output at the drop port, with the changes due to the Er-doped layer properly considered. One important detail to mention is that this coupling assumes that the pump laser is always present within the ring, and does not decay significantly after each roundtrip. To overcome this limitation, it is possible to calculate the finesse (F ) factor of the cavity, which is related to the average number of roundtrips a photon completes before exiting the ring. It is defined by the free spectral range (distance between the resonances) divided by the resonance bandwidth. We can then estimate the pump attenuation from the rate equations considering this effective length, and the model will still be valid if the pump power is then increased by this value. For the results shown below, however, this was not necessary, as the pump attenuation was found to be less than 1 dB.
From this model, the output spectra at the drop port (E D P ) shown in Fig. 2(a) and Fig. 2 (b) were analytically obtained using typical values for the Er concentration (5 × 10 20 cm −3 ) and absorption/emission cross-sections (0.6 pm 2 , varies with wavelength) [30] . The dimensions and materials considered are the same as the devices we fabricated: 20 μm of ring radius, 450 nm × 220 nm waveguide, and 200 nm of gap between the ring and bus waveguides, with a propagation loss of 1.5 dB/cm. Finally, an input signal of 10 μW and pump powers up to 10 mW were chosen for these results. We can observe the influence of the doped material in the output spectra, and the signal enhancement, defined as 10log P Pump O n /P Pump Off , is as high as 0.98 dB at the 1534.9 nm resonance when the pump is turned on (Fig. 2(b) ). The quality factor is defined as the ratio between the stored energy and average loss per roundtrip, and can be obtained by the ratio between the central wavelength and the width of the respective resonance. For the resonances shown, Q ≈ 10 4 , showing an increase of 12% when the ring is pumped (10000 to 11200 for the 1534.9 nm resonance), due to loss reduction.
By varying the pump power and comparing the output from this resonance with the input, we observe optical gain from −10 dBm upwards, saturating at 0.61 dB of total internal gain ( Fig. 2(c) ). This shows that in theory our modeled device can not only completely compensate the insertion loss for this design, but also provide a small gain under these conditions. The lowest internal gain value (−0.37 dB, when the pump is completely off) represents the insertion loss of the device, composed of the propagation losses, absorption by the ground state Er 3+ ions, and residual power coupling back to the input bus waveguide. When considering an undoped Al 2 O 3 cladding (Er concentration = 0), we obtain 0.20 dB of loss, from which we can confirm that the presence of Er 3+ ions can introduce additional loss when not pumped.
If we now take the saturated gain for each resonance, we see that it varies with the wavelength (as does the Er emission cross-section, which is an input of the model), and the peak performance is at the 1535 nm region (Fig. 2(d) ). This shows that both concepts were successfully coupled on the developing of this model.
Considering a photonic molecule as the one illustrated in Fig. 3(a) , where internally coupled auxiliary rings are present, additional resonances corresponding to the internal rings are created in the spectrum. These present a higher Q factor arising from the coupled system response, where more energy from the outer ring is coupled to the inner rings, instead of being extracted by the bus waveguide, effectively reducing loss. The eventual splitting of common resonances between the rings (analogous to the splitting in atomic coupling levels) can present an even higher Q (∼ 2 × 10 5 ), as the energy accumulation effect is even stronger [11] . Such high Q factors on a small footprint (20 μm × 20 μm) make this type of device attractive for signal processing [13] , [14] , and consequentially a method to reduce the insertion loss is desirable. In the context of the model presented above, the addition of internally coupled rings can be represented simply by inserting extra matrices for each of the coupling areas, where the external ring acts as the bus waveguide for the internal rings. Due to the extensive length, these equations will be omitted from this text.
Considering the previous parameters, and internal rings with approximately 5 μm of radius separated from the external rings by 200 nm, the spectra for the resonances between 1553 nm and 1560 nm are shown in Fig. 3(b) . The inset shows the doublet from the internal rings in detail. A small difference in the ring radius simulates fabrication imprecisions that lead to a Vernier effect, and for this case, although very small, curvature losses have been considered (0.005 dB/turn, or 0.003 dB/rad) [31] . It is important to remember that the model assumes a constant pump power along the entire device, thus all rings are considered to be pumped (1480 nm), and we can observe the signal enhancement for all the resonances. For the leftmost doublet peak, the output power increases 3.61 dB, more than the outer ring counterpart. This value, however, remains lower than the input power (5 μW, versus 10 μW). This is explained by the same reason responsible for higher quality factors, that is, a lower coupling between the light trapped in the inner rings and the bus waveguides, so less energy is extracted via the drop port. The average Q factor for the doublet resonances shown is in the order of 10 5 , which results in an enhanced loss reduction potential in comparison with a single ring, due to the longer time that a photon remains trapped in the rings, analogous to a longer amplifier. We can compare the signal enhancement values for resonances from the different rings (1554 nm for the external ring, 1556 nm for the internal rings), in function of the separation gap. Confirming the previous result, it is shown in Fig. 3(c) that the resonance from an internal ring tend to present a higher signal enhancement due to the higher Q. The effective reduction in the dissipated energy inside the rings leads to an additional increase in the quality factor, compared to a standard (undoped) device. In Figs. 3(d) and 3(e) , the signal enhancement is plotted for different Q factors resulted from the different gap distances in Fig. 3(c) . The difference between the output and input powers, in dB, can also be obtained in function of the quality factor, and the results for both resonances are also shown in Figs. 3(d) and 3(e) . These results consider saturated Er-doped devices (1 W of pump power), in addition to the undoped devices. For the single ring resonance, the difference in output power between the Er-doped and undoped cases is higher than 5 dB for a Q factor of 1.5 × 10 5 , corresponding to gap distances of 350 nm and 400 nm, respectively (very close to the critical coupling condition). Although the obtained gain is small, the effective loss reduction for a device presenting this Q factor is much higher. This means that from a device design point of view, it is possible to obtain a ring resonator with high Q, insertion loss (at the drop-port) reduced by 5 db, and possibly a small gain. When the resonance from an internal ring is considered, this effect is more pronounced, and although we still have losses, these are considerably lower when an Er-doped cladding is used. For the same Q factor (1.5 × 10 5 ), the insertion loss is higher than 15 dB, and decreases to less than 1 dB for an Er-doped device, resulting in a loss reduction of ∼15 dB. The insertion losses increase rapidly as the Q factor increases, as seen in the red curve from Fig. 3(e) . For a value of 5 × 10 5 , the total attenuation is reduced to only 5 dB, from an extrapolated initial value of more than 30 dB. These quality factors are equivalent to bandwidths of 1. 
Experimental Results and Discussion
To experimentally demonstrate the proposed method, we start with unclad chips containing samples of Si ring resonators manufactured by a SOI photonics foundry (IMEC), via standard CMOScompatible processes. The devices consisted of an external ring (20 μm radius), with two smaller rings (5 μm of designed radius) internally coupled, as seen in Fig. 4(a) and Fig. 4(b) . The only post-processing steps required are the deposition of the Er-doped Al 2 O 3 film on top of the whole chip via co-sputtering, and a thermal annealing at 800
• C for 30 min [32] . To serve as a control sample, we deposited an undoped Al 2 O 3 film on top of one of the chips. It is worth noticing that on photonic circuits, cladding changes can lead to additional losses at interfaces, and thus the fabrication process must ensure a high-quality film to minimize the attenuation, which can be caused by reflections due to gaps in the film, for example. Since our film covers the entire chip, this is not an issue for this work.
The setup shown in Fig. 4 (c) was used to measure the output spectra. Two counter-propagating tunable lasers are employed: one for the signal, which is coupled to the device via a micro-lensed fiber after passing through a circulator (28 dB of isolation, 1.5 dB of insertion loss), and another for the pump, which also passes through a circulator with the same characteristics before being coupled to the ring from the drop port. The coupling loss depends on a polishing procedure performed on both sides of the chip, and for the presented results is estimated to be between 5 dB and 8 dB. The polarization must be carefully adjusted for proper coupling with the waveguide, as an inverted taper optimized for the TE mode is present at the edge; this is done with standard fiber polarization controllers. On one side of the chip, the signal exits the device via the drop port, is coupled to the lensed fiber (the same as the pump input), circulates to an optical filter that reduces by 30 dB the level of any trace pump leaked from the circulator, and is finally measured in a photodetector. On the other side, the remaining pump exits through the signal input, and is monitored with another photodetector after passing through the circulator. The lasers and photodetectors are computer controlled.
The first measurement performed was the verification of signal enhancement. The signal laser is pulsed (duration of 150 μs, repeated at 4 KHz), and tuned to a resonance at 1548.5 nm, with a peak power of 100 μW (30 μW estimated at the ring input). The pump laser was tuned to the 1476.2 nm resonance (external ring), with 10 mW of CW power. By observing the drop port output signal with an oscilloscope, we were able to measure an increase of 0.4 dB within the pulse when the pump was turned on (Fig. 4(d) ). The absence of any observable increase on the noise floor indicates that the signal enhancement is not residual light from amplified spontaneous emission (ASE). The fact that the ASE is so low can be explained by the filtering characteristics of the component, since most of the spontaneous emission will occur inside the ring.
The second experiment involves sweeping the signal wavelength and measuring the output power at the drop port, maintaining the pump wavelength at the external ring resonance (1476.2 nm). The input power was set to 30 μW, and estimated to be 10 μW at the ring input. This resulted in the spectra shown in Fig. 5(a) , where the response at the pump wavelength region is also displayed for reference. The first point to observe is that the resonances from the internal rings have a much lower output power, as in the simulated case. The second point, is that for the external ring resonance near 1535 nm, there is a clear difference in behavior between the doped and control (undoped) samples (Fig. 5(b) ). When the doped sample is pumped (10 dBm at the chip input, estimated 5 dBm at the ring input), there is an increase in output power of 1 dB, while in the undoped sample no increase is observed. This shows that the increase in output power is due to the erbium emission, and is not reminiscent light from the pump. In both cases, there is a red-shift in the resonance, mainly caused by thermal effects [33] . Since the inner rings are not pumped if the pump wavelength is set to an external ring resonance, the increase in output power in Fig. 5(a) for the indicated inner ring resonances is very small. However, by tuning the pump wavelength to 1479.6 nm, the inner ring resonance corresponding to the picture in Fig. 4(b) , we can observe an increase of 2.6 dB for the 1556.5 nm resonance, as shown in the right portion of Fig. 5(b) .
If we now vary the pump power, the successive increase in output can be measured for different resonances, as shown in Fig. 5(c) . Since it is not trivial to know the exact propagation and coupling losses for the device, we cannot present the results as total gain or loss. Instead, we plot the result as the signal enhancement, defined by the ratio between the pumped and un-pumped output powers, in dB. This can also be interpreted as a loss reduction, and increases with the pump power. No saturation can be observed, possibly due to the coupling losses reducing the effective pump and signal powers inside the ring, compared to the simulations. The signal enhancement can be significantly higher for the internal ring resonances (gray curve in Fig. 5(c) ), reaching 2.6 dB, as opposed to 1 dB for the external ring. If the output power of the inner rings resonances near 1578 nm is measured, it is clear that it is higher than the value from the 1556.5 nm resonance, that presents the highest signal enhancement. This happens due to small differences between designed and fabricated dimensions (<100 nm in 31 μm of perimeter), leading to a Vernier effect that results in the higher proximity between the inner and outer rings resonances at higher wavelengths. As the proximity increases, light trapped in the inner ring tend to have a higher chance of coupling to the external ring, and consequently exiting via the drop port. By careful design and fabrication, or active control [34] , it is possible to increase the output power of an inner ring resonance within the loss-reducing bandwidth by bringing it closer to an outer ring resonance. However, the Q factor of such resonance will at the same time decrease (from 4 × 10 4 to 2 × 10 4 for the measured resonances in question), so a trade-off exists, and an optimal design can be obtained for the intended application. As a final observation from the experiment, the signal enhancement is spectrally inhomogeneous and reproduces the emission spectrum of the Er-doped cladding ( Fig. 5(d) ). In this figure, the red dots are the enhancement at maximum pump power while the solid line shows the measured photoluminescence spectrum of the cladding film. Comparing the results from Fig. 5(d) with those in Fig. 2(d) , we observe that the predictions from our model are consistent with the experimental data, as Fig. 6 shows. The measured signal enhancement deviates only 2% from the calculated value at the highest point (1535 nm region), and the behavior when varying the resonance wavelength is equivalent for both the modeled and measured results. For the inner ring resonance, the difference in the signal enhancement is higher (3.6 dB vs. 2.6 dB, not shown in the graph), which can be explained by additional losses in the rings coupling regions, also responsible for a lower Q factor for the fabricated dimensions. The measured Q factor for this resonance was 5 × 10 4 (4 × 10 4 when unpumped), which would be equivalent of a loss reduction from 3.65 dB to 0.3 dB, according to the results in Fig. 3(e) . Although this net loss is clearly not reached experimentally, the measured signal enhancement is consistent with the value from the same figure (2.5 dB).
This gives us more confidence in the model developed, although the cause for additional losses in the coupling regions (with increased effect for higher Q factors, due to the additional roundtrips) need to be investigated. One possibility is the non-conformal film that results from the co-sputtering deposition method.
Additional differences between the calculated and experimental results can be mainly attributed to distinct input powers considered, a possible variation of erbium concentration and Al 2 O 3 film refractive index along the sample, and the eventual small fabrication variations that may lead to different coupling strengths and considerable resonant wavelength shifts. To illustrate the latter effect, a 1% difference in the ring radius can lead to a deviation greater than 100 pm.
All the presented results consider a very high Er concentration (5 × 10 20 cm −3 ), which degrades the stimulated emission potential [35] , as can be seen by the strong green luminescence from pumped rings (also visible to the naked eye). To counteract this effect, the film can be co-doped with Ytterbium, enabling higher effective ion concentrations and thus higher gain potential. With a high-Q cavity, this can lead to the design and fabrication of amplifiers and lasers based on Er/Ytdoped materials [36] . Additionally, the employment of slot waveguides on photonic molecules, which greatly enhances the overlap between the mode energy and Er-doped cladding [24] , can create the possibility of even more compact lasers on silicon with CMOS compatible technologies.
Conclusion
We proposed and demonstrated a method to assist in overcoming insertion losses of silicon photonics devices, such as filters and routers, based on ring resonators. It is especially useful in complex routing circuits, where many rings are concatenated. Whereas regular amplifying methods employ EDWAs that can occupy precious chip real-estate, our proposal is an effective approach to loss reduction without the need for any additional area sacrifice. As a final remark, this method of resonant amplification enables the design and fabrication of compact high-Q devices that occupy a reduced chip area and present acceptable insertion losses, as opposed to high-Q rings with larger radius, or standard photonic molecules with lower output power on high-Q resonances.
